Ionization rates and Stark shifts of H 2 , CO, O 2 , H 2 O, and CH 4 in static electric fields have been computed with coupled-cluster methods in a basis set of atomcentered Gaussian functions with complex-scaled exponent. Consideration of electron correlation is found to be of great importance even for a qualitatively correct description of the dependence of ionization rates and Stark shifts on the strength and orientation of the external field. The analysis of the second moments of the molecular charge distribution suggests a simple criterion for distinguishing tunnel and barrier suppression ionization in polyatomic molecules.
I. INTRODUCTION
Molecules exposed to electric or electromagnetic fields of a strength comparable to the internal molecular forces undergo ionization, possibly accompanied by dissociation.
1,2 This process underlies numerous phenomena involving strong fields such as molecular high harmonic generation, 3 laser-induced electron diffraction, 4 and Coulomb explosion. 5 Therefore, the quantitative modeling of molecular strong-field ionization rates is of immediate interest for the interpretation of all experiments in which strong fields are applied.
At low values of Keldysh's adiabaticity parameter, 6 that is, at low frequencies and high intensities, the quasistatic approximation is valid: If the external field varies slowly compared to the inherent time scale of the ionization process, the molecule behaves at every instant as if it was exposed to a static field of the current strength. Ionization occurs because electrons can tunnel through the potential barrier formed by the molecular potential and the external field or at even higher field strengths leave above the barrier. Differences between static and time-dependent fields can be treated in terms of perturbation theory in the low-frequency limit.
7
Within the quasistatic approximation, the ionization process can be modeled based on static-field ionization rates, but their computation is beyond the reach of quantum-chemical methods for bound states because the interaction with the field turns all bound states into Stark resonances. 8 This is not of practical importance if the external field is weak compared to the internal forces and the response of the molecule can be treated in terms of perturbation theory. 9 However, a perturbative approach is invalid in the quasistatic regime; in Hermitian quantum mechanics, the static-field ionization rate can only be determined from the timedependent Schrödinger equation.
10
On the contrary, a time-independent treatment is possible in non-Hermitian quantum mechanics. 8 The ionization rate Γ induced by the external static field F is associated with the imaginary part of a discrete complex eigenvalue
of the molecular Hamiltonian. Similarly, the Stark shift ∆E can be calculated by comparing the real part of the resonance energy to the field-free case. However, since the Stark reso-nances are not L 2 integrable, they cannot be treated using quantum chemistry for bound states.
In the case of atomic Stark resonances, complex scaling 11,12 is a handy solution even though the electric field is not dilation analytic. Upon scaling all coordinates in the Hamiltonian by a complex number e iθ , the Stark resonance wave function becomes L 2 integrable provided that θ exceeds a critical value. [13] [14] [15] [16] The eigenvalues of the complex-scaled Hamiltonian can then be computed in analogy to bound states and are interpreted according to Eq. (1).
17-20
For a molecule in the Born-Oppenheimer approximation, complex scaling is not appropriate. 
30-33
The computation of molecular static-field ionization rates is a topic of current research; important recent contributions rely on the hybrid antisymmetrized coupled-channels (haCC) approach 34, 35 or the weak-field asymptotic theory [36] [37] [38] [39] or apply more drastic approximations such as the popular formula by Ammosov, Delone, and Krainov 40 and its extensions.
41,42
In this work, the method of complex basis functions is applied to molecular Stark resonances induced by static electric fields. The many-body electronic Schrödinger equation is solved within the coupled-cluster singles and doubles (CCSD) approximation 43 and within the CCSD approximation with additional perturbative triples excitations (CCSD(T)).
44,45
The definitions of these methods are the same for all CV techniques and identical to standard CC theory 46 apart from the different metric owing to the non-Hermiticity of the Hamiltonian.
26
A particular advantage of a CC treatment of molecular Stark resonances is that all ionization channels can be computed as eigenstates of the same Hamiltonian in a biorthogonal representation through the equation-of-motion (EOM) CC formalism. 47, 48 Thus, their characterization through Dyson orbitals is straightforward. 49, 50 Also, the CC formalism for molecular properties can be applied to compute moments of the electronic charge distribution, which provides further insight into the ionization process. 
19
Representing the Hamiltonian in a partially complex-scaled basis as detailed in Section II constitutes an approximation to exterior complex scaling. As documented in Table S2 in the Supplementary Material, ionization rates for helium obtained with the partially complexscaled basis consistently overestimate the reference data from explicit complex scaling by about 5% for a wide range of field strengths, while Stark shifts deviate by less than 1%.
Considering the great sensitivity of Γ towards truncation of the one-particle basis set and approximations to the many-body treatment, 20 a consistent deviation of 5% appears entirely acceptable.
Notably, at very high (F > 0.45 a.u.) and at low field strengths (F < 0.14 a.u.) the deviations between Γ values become significantly larger. In the low-field limit, this is because Γ itself becomes very small and its dependence on the scaling angle θ masks the effect of the field. Whereas complex scaling appears to be applicable to ionization rates as low as ∼ 10 case, the PEC is just Stark shifted, but retains its field-free shape. In the limit R(HH)→ ∞ the Stark shift and the ionization rate converge to twice the values of the hydrogen atom.
Interestingly, Γ approaches that limit from above at F = 0.06 a.u. and exhibits a maximum at around R(HH) = 2.0Å. This maximum is, however, not to be confused with the maximum in the diabatic ionization rate that occurs at around 2.8Å when the field is parallel to the molecular axis and is caused by an avoided crossing of two PECs. [57] [58] [59] [60] Finally, Figure 1 also illustrates that Γ converges to the ionization rate of the He atom in the limit R(HH)→ 0 for both orientations of F .
C. Below vs. above barrier ionization
Depending on the strength of the external field, tunnel and barrier suppression ionization can be distinguished. For atoms, the field strength where the transition between the two regimes occurs can be estimated as
with I p as the lowest ionization potential. In molecular strong-field ionization, the same distinction is possible, but there is no simple estimate of the critical field strength akin to Eq. (3). To characterize ionization of diatomic molecules with one electron by a field oriented along the molecular axis, a double-well model can be used, 61 but a generalization to polyatomic molecules with more complicated nuclear configurations and several competing ionization channels does not appear to be straightforward.
Recently, it was demonstrated for various atoms that the transition from tunnel to barrier suppression ionization is accompanied by a marked change in the second moment of the electronic charge distribution, i.e., the spatial extent of the wave function in the direction of the external field. 20 While the resonance wave function becomes more extended with increasing field strength in the tunnel ionization regime, the opposite trend is observed if the ionization takes place above the barrier. The maximum in z 2 (F ) (F parallel to z-axis) coincides very well with the estimate from Eq. (3). Table I . When the field is parallel to the molecular axis (right two panels of Figure 2 ), a double-well model is appropriate, but in the case of a manyelectron system it is unknown to what degree the charges of the two nuclei are screened.
Assuming effective charges of 0.5 a.u. for both nuclei leads to significant deviations of F ABI from the maxima of z 2 as Table I shows. Better agreement is obtained if one applies the formula for the atomic case (Eq. (3)) assuming that one nucleus is completely screened while the other one is completely unscreened.
The significance of the trends in the second moment lies in the fact that this quantity can be easily computed for polyatomic molecules and thereby offers a clear criterion to distinguish tunnel and barrier suppression ionization in arbitrary many-electron systems without assumptions about their electronic structure. As will be shown in Section IV, a characteristic maximum is also observed for O 2 , H 2 O, and CH 4 .
IV. RESULTS FOR MANY-ELECTRON SYSTEMS
A. Carbon monoxide CO has been chosen as the first example of a many-electron system because experimental results are available regarding the angular dependence of the ionization rate 62, 63 and an accurate treatment of the electronic structure has proven to be important for a correct description of the ionization process. 34, [62] [63] [64] [65] Moreover, ionization rates from the haCC approach have been reported in the literature. 
B. Dioxygen
Stark shifts and ionization rates of O 2 computed with HF and CCSD are presented in Figure 4 . Electron correlation has only minor impact on ∆E (upper left panel), whereas it changes Γ dramatically. As illustrated in the upper right panel, CCSD finds that the ionization rate is at all field strengths higher when the field is oriented parallel to the molecular axis than when it is perpendicular. Also, the ratio Γ || /Γ ⊥ ≈ 1.2-1.5 does not vary much with the field strength. On the contrary, at the HF level this ratio is computed to increase substantially from < 0.3 to ∼ 1 between F = 0.06 and 0.16 a.u., i.e., HF predicts higher Γ for perpendicular orientation. The discrepancy between HF and CCSD at low to medium field strengths is also apparent from the angle-dependent ionization rates shown in the middle panels of Figure 4 . At F = 0.06 a.u., HF underestimates Γ by a factor of 3-20 compared to CCSD depending on the orientation, whereas that factor shrinks to 1-2.5 at a.u., HF and CCSD ionization rates differ by a factor of 3-6 and the (T) correction additionally increases Γ by up to 25%. Those deviations shrink with rising field strength, but even at F = 0.14 a.u., the difference between HF and CCSD is still about 30% and that between CCSD and CCSD(T) about 10%.
From the upper right panel of Figure 5 , it is seen that in all four cases A-D, the component of the second moment in the direction of the field exhibits the characteristic peak discussed in Section III C, whereas the other components vary less with the field strength (see SI for details). Consistent with the highest ionization rates for orientation D, the peak is observed at the lowest field strength in this case. Eq. (3) yields F ABI = 0.057 a.u. using the Starkshifted lowest ionization potential (13.02 eV; 12.67 eV at F = 0) of H 2 O, which is in very good agreement with the estimate based on the second moment. This suggests the transition from tunnel to barrier suppression ionization happens in analogy to a hypothetical atom with the same ionization potential for orientation D, while it is shifted to higher field strengths at the other orientations, most strongly in case C, which also features the lowest ionization rates.
D. Methane 
VIII. TABLES
Real parts of second moments R 2 for H 2 computed at the full CI level of theory using a modified aug-cc-pVQZ basis set. The field is oriented either perpendicular (left panels) or parallel (right panels) to the molecular axis (=z-axis). The HH distance is 0.74Å (upper panels) or 1.40 A (lower panels). 
